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ABSTRACT
The direction in which a cell divides is determined by the orientation of
its mitotic spindle at metaphase. Spindle orientation is therefore
important for a wide range of developmental processes, ranging from
germline stem cell division to epithelial tissue homeostasis and
regeneration. In multiple cell types in multiple animals, spindle
orientation is controlled by a conserved biological machine that
mediates a pulling force on astral microtubules. Restricting the
localization of this machine to only specific regions of the cortex can
thus determine how themitotic spindle is oriented. As we review here,
recent findings based on studies in tunicate, worm, fly and vertebrate
cells have revealed that the mechanisms for mediating this restriction
are surprisingly diverse.
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Introduction
Spindle orientation plays a crucial role in animal development. In
particular, its importance for asymmetric cell division (ACD) has
long been recognized. The term ACD is typically used to mean that
the two products of cell division have different fates. This can be a
cell-intrinsic process that relies on the asymmetric distribution of
cell fate factors, such that only one daughter cell inherits proteins or
RNAs that determine its identity (Fig. 1). Multiple cell types use
oriented divisions to direct this distribution. For example, in the one-
cell stage Caenorhabditis elegans embryo, cell fate factors are
differentially localized at either the anterior or posterior of the cell,
and the orientation of the spindle, along with its position along the
anterior-posterior (A-P) axis, ensures that these factors are
partitioned unequally (reviewed by Gönczy and Rose, 2005). A
similar mechanism for asymmetric segregation of fate determinants
has been observed in Drosophila neuroblasts and sensory organ
precursor (pI) cells, and more recent work suggests that it also
functions inDrosophila intestinal stem cells (reviewed byKnoblich,
2010; Morin and Bellaïche, 2011; Siller and Doe, 2009; see also
Goulas et al., 2012; Guo and Ohlstein, 2015). In the mollusc
Ilyanassa obsoleta, cell fate-determining mRNAs associate with
one of the two centrosomes, and are thus differentially inherited
(Lambert and Nagy, 2002). Cell intrinsic division asymmetry has
also been observed in vertebrate systems, namely in T lymphocytes
and embryonic stem cells (Chang et al., 2007; Habib et al., 2013).
In other instances, cell fate determination is cell extrinsic (Fig. 1).
In these cases, division orientation controls cell fate not through
differential distribution of factors, but rather by dictating the position
in which each daughter cell is born within the tissue. This position,
meaning the microenvironment in which the cell comes to find itself,
makes the cell more or less accessible to signaling factors that control
differentiation. Extrinsic control is often seen in the case of germline
stem cells that, in a number of organisms, reside within a specialized
niche, where they are contacted by supporting somatic cells. Oriented
divisions cause one daughter cell to leave the niche, going on to
become a gamete, while the other remains (reviewed by Inaba and
Yamashita, 2012; Spradling et al., 2011). Cell-extrinsic mechanisms
also determine fate asymmetry in the developing vertebrate brain and
in stratifying embryonic mammalian skin (reviewed by Paridaen and
Huttner, 2014; Williams and Fuchs, 2013).
The importance of spindle orientation for symmetrically dividing
cells is less well understood. It is known that cells within an epithelial
monolayer tend to divide symmetrically (Fig. 1), orienting their
divisions such that both daughters are born within the layer. In this
way, the tissue expands as a two-dimensional sheet. It might therefore
be predicted that the loss of spindle orientation control in the apical-
basal (A-B) polarity axis of the tissue, which is perpendicular to the
sheet, would generate tissue disorganization by causing daughter
cells to be born outside the sheet. Studies that have addressed this
possibility in monolayered epithelial tissues have instead found that
spindle misorientation along the A-B axis is not disruptive. In most of
the tissues examined so far, themisplaced cell simply reintegrates into
the layer in amanner that depends on adhesion between neighbouring
cells (Bergstralh et al., 2015; Strzyz et al., 2015). Another mechanism
that protects tissues from the consequence of spindle misorientation is
at work in the Drosophila imaginal wing disc, where cells that are
misplaced by misoriented divisions do not reintegrate but are instead
extruded and die (Nakajima et al., 2013).
Although these findings suggest that spindle orientation in the A-B
axis is inessential, additional work in the fruit fly shows that spindle
orientation can help to determine the direction of tissue expansion,
which is governed by mechanical tension across the tissue (Baena-
López et al., 2005; Bosveld et al., 2016; Mao et al., 2011). This is
consistent with earlier work implicating spindle orientation in
determining the shape of epithelial tubes in the lung (Tang et al.,
2011). Furthermore, a recent study has highlighted the broad extent to
which directed spindle orientation in expanding epithelia is relevant
across the animal kingdom. In this study, it was shown that cells in the
developing epidermis of the tunicate C. intestinalis orient their
spindles in an unusual way; a membrane invagination appears to
capture the interphase centriole, anchoring it at one side of the cell
until the spindle has formed and thereby ensuring that cells divide
along the A-P axis of the organism (Negishi et al., 2016). Although
the nature of this structure remains to be elucidated, it is likely to
intersect with a well-studied molecular mechanism that controls
spindle orientation in a variety of organisms and cell types.
Work in multiple tissues and organisms has identified a core
cortical machinery that orients mitotic spindles at metaphase by
exerting a pulling force on astral microtubules, essentially ‘reeling’
them in until the spindle is aligned (Fig. 2A). This machinery
consists of three conserved proteins: the first is Drosophila Mud
(Mushroom body defective), C. elegans LIN-5 (abnormal cell
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lineage 5) and vertebrate NuMA (nuclear mitotic apparatus); the
second is Drosophila Pins, C. elegans GPR1/2 (G-protein
regulators 1 and 2) or vertebrate LGN (leucine-glycine-
asparagine); the third is Drosophila and vertebrate Gαi, which has
two redundant C. elegans orthologues called GOA-1 and GPA-16
(Table 1). Together, these proteins are believed to secure a complex
consisting of dynein/dynactin motor at the cell cortex, and thus
localise the astral-microtubule pulling force. A model that describes
their interaction is well established in the literature (reviewed by di
Pietro et al., 2016). Briefly, Gαi, which attaches to the plasma
membrane, anchors Pins/LGN by binding to its C-terminus (Du and
Macara, 2004; Gotta and Ahringer, 2001; Kaushik et al., 2003;
Nipper et al., 2007; Schaefer et al., 2000; Yu et al., 2003). The
tetricopeptide repeats (TPRs) at the other end of Pins/LGN bind to
Mud/NuMA, which itself binds to dynein (Bowman et al., 2006; Du
et al., 2001; Izumi et al., 2006; Pecreaux et al., 2006; Siller et al.,
2005; Yu et al., 2000). The importance of this machinery is
highlighted by studies concerning its dysregulation, particularly
with regard to cancer phenotypes. Indeed, loss of spindle orientation
in the central nervous system has been associated with hyperplasia
in both the fly and chick (de Belle and Heisenberg, 1996; Morin
et al., 2007; Yu et al., 2006). In the fly imaginal wing disc,
expression of a baculoviral anti-apoptotic protein in misplaced
epithelial cells promotes tumour-like overgrowth (Guilgur et al.,
2012; Nakajima et al., 2013).
In this Review, we discuss key aspects of the canonical spindle-
orienting machinery and its function. First, we describe recent
studies that raise questions about the regulation of astral microtubule
ends at the cortex. Second, we describe a body of work addressed at
defining how the spindle-orienting machinery is restricted to only
certain regions of an epithelial cell cortex.
Astral microtubule plus tips: a consideration for spindle
orientation
A recent study identified two proteins – small kinetochore
associated protein (SKAP) and Astrin – at astral microtubule plus
ends, and implicated these proteins in spindle orientation (Kern
et al., 2016). SKAP and Astrin form a complex that is known to play
a role at kinetochores, which mediate the attachment between
spindle microtubules and chromosomes (Dunsch et al., 2011;
Schmidt et al., 2010). Their astral microtubule localization is
probably determined directly by SKAP, which has an end-binding
protein 1 (EB-1) motif that is required for plus-end localization
(Kern et al., 2016). Intriguingly, in single HeLa cells, mutation of
the EB-1-binding motif (yielding SKAPΔEB-1) causes spindle
mispositioning (Kern et al., 2016). This effect is not caused by astral
microtubule shortening; unlike disruption of EB-1 itself, deletion of
the SKAP EB-1 motif does not affect astral microtubule length
(Kern et al., 2016; Toyoshima and Nishida, 2007). Another
potential explanation for mispositioning, namely that plus tips
carry spindle-orienting factors to the cortex, is ruled out by the
observation that cortical dynein is still observed in SKAPΔEB-1
cells (Kern et al., 2016). However, an additional possibility to
consider is that the Astrin/SKAP complex mediates the interaction
between astral microtubules and the cortical machinery, analogous
to the role played by the complex at kinetochores. This model is
supported by recent evidence identifying Astrin as a binding partner
for the core machinery protein NuMA, although this study focused
on the main spindle body (Chu et al., 2016).
The functional importance of an association between astral
microtubule plus tips and the core machinery is not yet clear, but
may relate to the mechanism of force generation. An isolated
region of NuMA (called NuMA-TIP) shows microtubule tip-binding
activity, remaining associated even during microtubule
depolymerization (Seldin et al., 2016). The affinity of NuMA-TIP
for microtubule tips is increased by gentle microtubule disruption but
decreased by microtubule stabilization, indicating that it binds
preferentially to shrinking microtubules (Seldin et al., 2016).
Notably, in addition to dynein-mediated reeling, pulling can also be
achieved through the regulation of microtubule dynamics. In this
model, the microtubules hit the cortex end-on and are subsequently
brought into alignment by controlled depolymerisation, i.e. the
microtubules shorten until they are taut. Elegant in vitro work has
provided proof of principle for this mechanism and demonstrated that
it can be mediated by dynein (Laan et al., 2012). In combination with
the results described above, these findings raise the possibility that the
spindle-orienting machinery regulates shrinkage rather than pulling.
Additional functional analyses will be needed to clarify this notion.
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Fig. 1. Asymmetric and symmetric
cell division. Directed cell division
influences cell and tissue
development. This is illustrated using
examples from Drosophila
melanogaster. The neuroblast (left)
uses a cell-intrinsic mechanism for
asymmetric cell division (ACD),
relying on spindle orientation for
unequal distribution of cell fate factors
(orange). In the male germline stem
cell (centre), ACD is cell-extrinsic,
using directed division to ensure that,
when germline stem cells divide, only
one daughter cell remains in proximity
to the somatic hub cells (light green)
that comprise the niche, while the
other daughter cell differentiates into
a gonialblast. By contrast, cell
division in the follicular epithelium
(right) is symmetric. Cells in this
tissue divide to simply expand the
monolayer. Green, microtubules; red,
spindle poles; blue, DNA.
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The cycling of core machinery components
Although the list of factors involved in spindle orientation is ever
expanding, a long-standing question still remains: how is the
spindle-orientation machinery restricted to specific regions of the
cortex? Historically, this problem has been considered primarily
with regard to cortical polarity-based cues. However, work
performed in isolated cultured cells, which generally lack these
cues, and in Drosophila neuroblasts has illuminated the role
played by the mitotic apparatus (meaning the spindle and
chromosomes) in regulating the spindle-orienting machinery
(Kiyomitsu and Cheeseman, 2012; Siegrist and Doe, 2005). This
activity means that the spindle can influence its own position in
the cell (in single cells, this position is usually examined relative
to the cell centre, rather than along a polarity axis). Proximity of
the spindle-orienting machinery to the mitotic apparatus
diminishes cortical pulling, resulting in a bipolar balance of
forces. This is accomplished by signalling from the chromosomes
and/or the spindle poles that reduces cortical localization and
activity of the spindle-orienting machinery when the apparatus is
close and/or the chromosomes are misaligned (Kiyomitsu and
Cheeseman, 2012; Tame et al., 2016).
The mechanism of dynamic cortical localization of the spindle-
orientation machinery in these cells may be clarified by evidence
that LGN and Gαi are not glued to the membrane during mitosis,
but rather cycle back and forth between the cortex and the spindle
poles (Zheng et al., 2013). Their transit from the cortex to the
poles relies on dynein and astral microtubules (Zheng et al.,
2013). This indicates that dynein not only acts to mediate a pulling
force for spindle orientation, but also transports Gαi-bound LGN
as cargo. Redelivery to the cortex also appears to require astral
microtubules, although the mechanism of transport is unknown
(Tame et al., 2014; Zheng et al., 2013). A possible regulatory step
for this movement is suggested by work in human cells showing
that NuMA is regulated by the mitotic kinase Aurora A, which
phosphorylates NuMA directly at Ser1969 and thereby promotes
its mobility from the spindle poles to the cortex (Gallini et al.,
2016; Kettenbach et al., 2011; Toughiri et al., 2013). However,
two lines of evidence suggest that this mechanism may not be
important outside mammals. First, the S1969 residue is not
obviously conserved. Second, knockdown of the Aurora A
homologue AIR-1 promotes, rather than diminishes, cortical
pulling on microtubules in C. elegans (Kotak et al., 2016). This is
opposite of what would be expected if AIR-1-mediated
phosphorylation of the core machinery protein LIN-5 caused it
to move from the spindle poles to the cortex.
The phosphorylation of LIN-5 on other residues is crucial for
its function in mediating spindle orientation. For example, CDK1
phosphorylates LIN-5 at its N-terminus to promote interaction with
dynein (Portegijs et al., 2016), while sequential phosphorylation at
the C-terminus by glycogen synthase kinase 3 (GSK-3) and casein
kinase 1 (CK-1) mediates association with GPR1/2 (Portegijs et al.,
2016). Another C-terminal phosphorylation, by the aPKC
homologue PKC-3, has an inhibitory effect on cortical pulling
(Galli et al., 2011). As is the case for AIR-1, some of these
regulatory modifications may not be conserved outside of worms.
Indeed, although CDK1 phosphorylates NuMA at the C-terminus in
vertebrate cells, this step is not thought to affect interaction with
dynein. Rather, phosphorylation acts as a temporal switch for
activity; at anaphase, dephosphorylation allows NuMA to bind
the membrane directly, where it associates with dynein to anchor the
spindle poles at opposite sides as the cell elongates and divides
(Kiyomitsu and Cheeseman, 2013; Kotak et al., 2013; Seldin et al.,
2013; Zheng et al., 2014). In Drosophila, the kinase Warts is
reported to phosphorylate Mud to promote association with Pins
(Dewey et al., 2015). Roles for GSK-3 and CK-1 in the regulation of
Mud/NuMA have not yet been identified, but several studies
suggest a role for aPKC in the regulation of spindle orientation. In
the zebrafish retinal neuroepithelium, morpholino-mediated
disruption of aPKCλ/ζ causes division misorientation (Cui et al.,
2007; Strzyz et al., 2015). This is presumably caused by influence
on the spindle, although spindle misorientation has not been
measured directly in this system. One possibility to consider is
that aPKC does not regulate NuMA in this tissue, but rather LGN.
In support of this, aPKC in MDCK cell cysts is thought to
regulate spindle orientation by phosphorylating LGN at a
conserved serine residue (401 in mammals, 436 in Drosophila),
and thereby excluding it from the apical cortex (Hao et al., 2010).
However, a role for aPKC in spindle orientation is not universal, as
disruption of aPKC in the chick neuroepithelium, Drosophila
follicular epithelium and Drosophila imaginal wing disc does not
affect spindle orientation (Bergstralh et al., 2016, 2013; Peyre et al.,
2011).
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Fig. 2. A model for spindle orientation.
(A) The canonical machinery comprising
Mud/NuMA (blue), Pins/LGN (dark green)
and Gαi (yellow) links the membrane with
dynein (light green), which pulls spindles
into alignment by ‘walking’ towards astral
microtubule minus ends at the spindle
poles. (B) Recent studies of additional
proposed spindle-orientation factors
(shown in various shades of grey) suggest
an updatedmodel for spindle orientation in
epithelial cells. In this model, Discs large
and Canoe (dark grey) provide positional
information for the canonical machinery,
while Discs large, in combination with
other factors (e.g. Khc73, 14-3-3, NudE
and unknown factors; shown in light grey),
helps connect the dynein-mediated pulling
force with a Khc73-mediated pushing/
capturing activity.
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Is Gαi sufficient to anchor the core machinery?
Although Gαi is long-established as a spindle-orientation factor, the
finding that it – like LGN – cycles between the cortex and spindle
poles raises questions about its role in this process. Gαi, which is
regulated by the guanine nucleotide exchange factor Ric-8, interacts
in its GDP-bound state with the C-terminal GoLoco motifs of Pins/
LGN (Afshar et al., 2004, 2005; Couwenbergs et al., 2004; David
et al., 2005; Hampoelz et al., 2005; Wang et al., 2005). These motifs
allow Pins/LGN to act as a guanine dissociation inhibitor (GDI),
thereby promoting the release of GDP from Gαi (Jia et al., 2012;
McCudden et al., 2005). Although GDI activity has been shown
to negatively regulate G-protein-coupled receptor signalling,
preventing heterotrimer formation by holding Gαi uncoupled
from Gβγ, this GDI activity of Pins/LGN is thought to positively
regulate spindle orientation (Siderovski and Willard, 2005).
One proposed function for Gαi, described above, is as a
membrane anchor for the cortical pulling force that acts on astral
microtubules. In support of this role, it has been shown that Gα
proteins can undergo covalent lipid modification, either
palmitoylation or myristoylation, and thereby associate with the
plasma membrane directly (reviewed by Chen and Manning, 2001).
Thus, lipid modified Gαi may bind Pins/LGN to position it in
proximity to the membrane. However, Gαi also serves another
activating function. Pins/LGN is held in an auto-inhibited
conformation by interaction between its TPR and GoLoco
domains, and biochemical assays demonstrate that this inhibition
is relieved by the binding of Gαi to the GoLoco domains (Du and
Macara, 2004; Nipper et al., 2007; Pan et al., 2013; Smith and
Prehoda, 2011). Once in its open conformation, Pins/LGN becomes
a high-affinity binding partner for Mud/NuMA (Du and Macara,
2004; Nipper et al., 2007), and the subsequently assembled complex
can then act to orient the spindle through dynein.
A straightforward interpretation of these findings is that Gαi
performs two roles: it activates Pins/LGN (by relieving
autoinhibition) and provides a membrane anchor. However, its
ability to cycle to the centrosomes shows that Gαi is not simply
stuck to the membrane (Zheng et al., 2013). Furthermore, Gαi
localization is more uniform around the cortex in chick
neuroepithelial cells and HeLa cells than localization of either
LGN or NuMA, although this observation does not account for
different nucleotide states (Kiyomitsu and Cheeseman, 2012; Peyre
et al., 2011). These findings indicate that another cortical factor is
required to provide positional information and potentially anchoring
for the spindle-orienting machinery, either in cooperation with Gαi
or by regulating nucleotide binding. Several such positional factors
have been identified. In C. elegans, LET-99 serves to regulate
positioning of the complex by acting as a negative regulator of
GPR1/2 (Krueger et al., 2010; Tsou et al., 2002). Conservation of
this function in vertebrates, which have homologous proteins, has
not been demonstrated, and LET-99 does not have an orthologue in
flies. This means that Drosophila at least must use a different
mechanism to localize the pulling force.
Canoe/Afadin: linking adhesion to spindle orientation
As mentioned above, epithelial cells tend to orient their divisions
such that both daughter cells are born within the plane of the tissue.
To achieve this orientation, the cortical pulling force should
originate from the lateral cortex, but be excluded from the apical
and/or basal cortex. Consistent with this, Pins/LGN is observed at
the lateral cortex during mitosis in MDCK cell cysts, Drosophila
follicle cells and chick neuroepithelial cells (Bergstralh et al., 2013;
Hao et al., 2010; Peyre et al., 2011; Zheng et al., 2010). The
mechanism by which it achieves this localization is unclear, although
recent studies are beginning to provide some insight (Fig. 2B).
One candidate for localizing the cortical pulling force is
Drosophila Canoe, which is called Afadin in vertebrates. This
protein is well-studied for its role at adherens junctions, where it
links the adhesion protein Echinoid inDrosophila (an orthologue of
the vertebrate Nectin family) to the actin cytoskeleton (reviewed by
Niessen and Gottardi, 2008). Canoe/Afadin also interacts directly
with N-terminal Pins/LGN TPRs (Carminati et al., 2016; Wee et al.,
2011). Canoe/Afadin has been implicated in spindle orientation
in several systems, but evidence for a single function has not emerged.
In theDrosophila embryonic neuroepithelium, Canoe exhibits its
characteristic adherens junction localization, while in delaminated
neuroblasts (which derive from the neuroepithelium) it localizes to
the apical cortex, where it acts to control spindle orientation
(Speicher et al., 2008). Work in this system and in cultured
Drosophila S2 cells suggests that Canoe acts as an accessory factor
that facilitates interaction between Pins and Mud (Speicher et al.,
Table 1. Key factors involved in spindle orientation
Model organism Tissue Division orientation Canonical factors Additional factors
Caenorhabditis
elegans
One-cell stage embryo A-P LIN-5, GPR-1/2, GOA-1, GPA-16
and Dynein
AFD-1 and DLG-1
Drosophila
melanogaster
Neuroblasts A-B Mud, Pins, Gαi and Dynein Canoe, Discs large and Khc73
pI cells A-P and A-B (tilted)
S2 cultured cells Induced (artificial) polarity
Follicular epithelium Within the tissue plane
(symmetric)Imaginal wing disc/pupal
notum
Vertebrates Epidermis Both A-B (asymmetric) and
symmetric
NuMa, LGN, Gαi and dynein Afadin, SAP97 (Dlg1), Dlg2,
Dlg3, PSD-95 (Dlg4), GAKIN
or KIF13BNeuroepithelium Both A-B (asymmetric/tilted) and
symmetric
HeLa cells Symmetric
MDCK cells
Cultured keratinocytes
The core factors governing spindle orientation are highly conserved, whereas a number of diverse additional factors have been identified in each specific system.
Listed in this table are some prominent model systems for studying spindle orientation, along with the respective names of their spindle-orienting orthologues.
A-B, apical-basal; A-P, anterior-posterior; AFD-1, afadin homolog 1; DLG/Dlg, Discs large; GAKIN, guanylate kinase-associated kinesin; GOA-1,Go alpha subunit;
GPA-16, guanine nucleotide-binding protein alpha-16 subunit; GPR1/2, G-protein regulators 1 and 2; LIN-5, abnormal cell lineage 5; LGN, leucine-glycine-
asparagine; MDCK, Madin-Darby canine kidney; Mud, Mushroom body defective; NuMa, nuclear mitotic apparatus; SAP97, synapse-associated protein 97.
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2008; Wee et al., 2011). In these studies, Canoe is thought to
function at a step downstream from Pins localization. By contrast,
work in HeLa cells shows that the cortical localization of LGN
depends on Afadin, and that Afadin competes with NuMA for LGN
binding (Carminati et al., 2016). It has therefore been proposed that
rather than acting to recruit NuMA, as does Drosophila Canoe,
Afadin helps to localize LGN by connecting it to cortical actin. This
is consistent with earlier studies showing that cortical actin is
required for the pulling force in epithelial cells (Busson et al., 1998;
Kaushik et al., 2003; Machicoane et al., 2014; Nakajima et al.,
2013). Additional roles for actin in spindle orientation have also
recently been proposed (as reviewed by di Pietro et al., 2016).
The influence of cortical actin may also explain a third proposed
function for Canoe/Afadin, downstream of the planar polarity
protein Dishevelled (Dsh), in Drosophila sensory organ precursor
(pI) cells. These cells, which are found in the pupal notum, divide
asymmetrically to produce distinct daughter cells – pIIa and pIIb
(Gho and Schweisguth, 1998; Rhyu et al., 1994). To accomplish
this, the spindle is carefully oriented along the A-P axis of the cell
and tilted in the A-B axis. Orientation is controlled by the Wnt
receptor Frizzled and its intracellular mediator Dsh, which both
localize to the posterior cortex (Bellaïche et al., 2001; David et al.,
2005). From there, Dsh is thought to determine the localization of
Mud, and thus the pulling force, by interacting with it directly
(Ségalen et al., 2010). Work in cultured cells has shown that Dsh can
simultaneously recruit Canoe, which is thought to enhance cortical
actin through Rho signalling and thereby promote spindle
orientation (Johnston et al., 2013). Thus, the evidence from flies
does not support a role for Canoe in localizing the pulling force.
Instead, it suggests that Canoe functions as a downstream mediator
of Dsh in the pI cell. It should, however, be noted that Afadin does
appear to contribute to the cortical positioning of LGN in HeLa
cells, although the relevance of this observation to polarized tissues,
in which Afadin localization is restricted to adherens junctions, is
uncertain (Carminati et al., 2016).
A very recent report (Gloerich et al., 2017) demonstrates that
another adherens junction protein, E-cadherin, can also bind directly
to LGN. Using a clever cultured cell system, this study shows that
E-cadherin recruits LGN to cell-cell contacts and can serve as an
instructive cue for spindle orientation. As is the case for Afadin,
LGN cannot be bound to both E-cadherin and NuMA
simultaneously, which suggests that LGN uses E-cadherin as an
initial positional cue, but is anchored by Gαi during mitosis.
Intriguingly, these results suggest that vertebrate and insect epithelia
use different systems for localizing the spindle-orientation
machinery, as spindles are not oriented by adherens junctions in
Drosophila (Bergstralh et al., 2013; Bosveld et al., 2016).
Diverse roles for Discs large
Discs large (Dlg) is another candidate spindle-orientation factor in
epithelial cells. Like other membrane-associated guanylate kinase
(MAGUK) family proteins, Dlg contains N-terminal PDZ domains,
an SH3 domain and a catalytically inactive guanylate kinase (GK or
GUK) domain at its C-terminus that binds phosphorylated partner
proteins. In the Drosophila follicular epithelium, Dlg is important
for spindle orientation at metaphase; spindles are misoriented in
cells homozygous for the mutant allele dlg1P20, which encodes a
truncated form of Dlg missing approximately one-third of the GUK
domain (Bellaïche et al., 2001; Bergstralh et al., 2013). This role is
likely to be conserved, as RNAi-mediated depletion of Dlg in the
chick neuroepithelium causes spindle misorientation at metaphase
and, less severely, at anaphase (Saadaoui et al., 2014). However, and
as we discuss below, precisely how Dlg might function during
spindle orientation is unclear.
Dlg can provide a cortical cue for Pins
Long studied for its role as a determinant of lateral cortical identity,
Dlg is an obvious candidate to provide a spatial cue for the pulling
force during spindle orientation (Bilder et al., 2000; St Johnston and
Ahringer, 2010). In vitro experiments show that the GUK domain of
Dlg and its mammalian homologues binds Pins/LGN when it is
phosphorylated at a conserved serine residue in its unstructured
‘linker’ region (Hao et al., 2010; Johnston et al., 2012; Sans et al.,
2005; Zhu et al., 2011). Accordingly, in GUK domain-disrupted
dlg1P20 mutant follicle cells, Pins is not restricted to the lateral cortex
but rather spreads around the entire cortex (Bergstralh et al., 2013).
Likewise, work in MDCK cells shows that the phosphorylation site
(serine 401) that facilitates binding between Dlg and LGN/Pins is
required to exclude cortical LGN from the apical cortex; when S401 is
converted to alanine, LGN is not strictly lateral but spreads around the
entire cortex (Hao et al., 2010). Similarly, though not identically,
conversion of S401 to alanine prevents a truncated LGN (lacking the
TPRs) from becoming completely cortical in chick neuroepithelial
cells; the truncated protein is instead partially cytoplasmic, suggesting
that Dlg works in cooperation with another localization factor,
probably Gαi (Saadaoui et al., 2014). Cumulatively, these results
suggest that the interaction between phosphorylated Pins and the
GUK domain of Dlg helps to localize Pins to the lateral cortex of
epithelial cells during mitosis (Fig. 2B) and that this localization is
required for spindle orientation. Moreover, recent findings have
suggested that the lateral polarity factor Lethal (2) giant larvae (Lgl) is
involved in a regulatory step that controls this interaction. Like Pins,
Lgl can bind to the GUK domain of Dlg in vitro (Zhu et al., 2014). In
the Drosophila follicular epithelium and imaginal wing disc, Lgl is
cortical during interphase but becomes cytoplasmic at mitosis, a
switch that is triggered by its phosphorylation byAurora kinases (Bell
et al., 2015; Carvalho et al., 2015). It has therefore been proposed that
Lgl controls Pins localization by physically preventing Pins from
binding Dlg at the lateral cortex until mitosis, when Lgl is released
(Bell et al., 2015; Carvalho et al., 2015); however, direct evidence for
this model has not yet been provided.
The studies discussed above concern the behaviour of Pins and
Dlg in epithelia but both proteins are also implicated in the control
of spindle orientation in asymmetrically-dividing cells. For
example, Drosophila neuroblasts orient their spindles along the
A-B axis, perpendicular to the plane of the tissue (Knoblich et al.,
1995), and this orientation relies on Pins and Gαi, which are
recruited by a protein called Inscuteable to form a crescent at the
apical cortex (Kraut et al., 1996; Yu et al., 2000). Dlg is also apically
enriched in mitotic neuroblasts, but in the presence of Inscuteable it
is not needed to provide positional information for Pins; genetic
removal of Dlg from neuroblasts disrupts cell polarity but does not
affect either Pins crescent formation or spindle orientation
(Albertson and Doe, 2003; Ohshiro et al., 2000; Peng et al., 2000;
Yu et al., 2000). However, more recent studies have shown that
Dlg becomes more important when Inscuteable is removed: in
inscuteable-null mutant neuroblasts, Pins and Dlg both still localize
to a cortical crescent at mitosis, although it may not be apical, and
this crescent is lost in most dlg1P20, inscuteable double mutant
neuroblasts (Siegrist and Doe, 2005). Dlg is also likely to participate
in spindle orientation in Drosophila pI cells. Indeed, whereas Dsh
controls spindle orientation along the tissue plane in these cells (as
discussed above), spindle orientation in the z-axis requires Pins,
which is enriched along with Dlg at the anterior/lateral cortex during
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mitosis (Bellaïche et al., 2001; David et al., 2005). This enrichment
is severely impaired in dlg1P20 mutant pI cells (Bellaïche et al.,
2001). Together, these observations are consistent with the notion
that Dlg can provide a positional cue for Pins at the cortex in
asymmetrically dividing cells, as it does in epithelial cells.
Dlg links up with Khc73 to regulate microtubule capture
As highlighted above, Dlg appears to play a central role in
positioning Pins at the cortex. But what, then, controls the
localization of Dlg? In inscuteable mutant neuroblasts and in pI
cells, the cortical enrichment of Dlg and Pins is mutually dependent
(Bellaïche et al., 2001; Siegrist and Doe, 2005). This is not the case
in the follicular epithelium, where Dlg is observed at the lateral
cortex even in the absence of Pins (Bergstralh et al., 2013). A
potential explanation for this difference is hinted at by experiments
showing that the cortical crescent of Dlg in inscuteable mutant
neuroblasts relies on astral microtubules (Siegrist and Doe, 2005),
suggesting that Dlg is transported along these microtubules. One
candidate for transporting Dlg and Pins along astral microtubules to
the cortex is the plus end-directed microtubule motor protein kinesin
heavy chain 73 (Khc73), which co-immunoprecipitates with Dlg
from Drosophila embryonic lysates (Siegrist and Doe, 2005). In
neuroblasts lacking Inscuteable, Khc73 knockdown prevents the
formation of the cortical crescent of Dlg and Pins (Siegrist and Doe,
2005). Furthermore, guanylate kinase-associated kinesin (GAKIN),
which is the mammalian orthologue of Khc73, was initially
identified in T-lymphocyte-derived cells as a binding partner of
SAP97, which is one of four mammalian Dlg homologues (Hanada
et al., 2000). Subsequent biochemical work suggests that GAKIN is
held inactive by an intramolecular inhibition that is relieved by
binding to the C-terminus of SAP97, and that this allows the two
molecules to travel together along microtubules (Asaba et al., 2003;
Yamada et al., 2007). Full-length SAP97 does not allow for this
activity, which implies that another factor is also involved (Yamada
et al., 2007). It is tempting to speculate that LGN/Pins is that factor.
This model is complicated, however, by evidence showing that
binding between SAP97 and GAKIN is mediated by the guanylate
kinase domain of GAKIN, which also mediates binding between
SAP97/Dlg and LGN/Pins (Asaba et al., 2003; Hanada et al., 2000;
Zhu et al., 2016). It is therefore not clear how all three factors could
traffic together. One explanation is that Dlg could function as an
oligomer, with individual units binding either Pins or Khc73.
It should also be noted that Dlg has not been shown to bind the
membrane directly. Analogous to its human homologue PSD-95,
the cortical localization of Dlg is therefore likely to be determined
by an interaction between its PDZ domains and at least one
membrane-associated protein (Kim and Sheng, 2004). Thus, Dlg
can only provide positional information for Pins/LGN by acting as
an adaptor for something else. The identity of this anchoring factor
and the mechanism by which it is localized remain to be determined.
A further possibility to consider is that Dlg is not just a cortical
cue, but can also act as an adaptor protein in a complex that links
cortical Pins to Khc73, thereby allowing Pins to exert a second
effect on astral microtubules via Khc73 (Fig. 2B). Again, as Dlg
cannot bind both Khc73 and Pins simultaneously, this model calls
for multiple Dlg subunits within the complex (Zhu et al., 2016).
Consistent with this idea, it was shown that Khc73 knockdown has a
mild effect on spindle orientation in neuroblasts (Siegrist and Doe,
2005). Likewise, in a cultured Drosophila cell system with induced
cell polarity, Khc73 and Dlg can cooperate with the GUK-binding
Pins linker domain to partially orient spindles (Johnston et al.,
2009). This activity relies on 14-3-3, which binds phosphorylated
residues, and NudE, a binding partner of dynein (Lu and Prehoda,
2013). Together, Pins, Dlg, 14-3-3 and NudE are thought to form a
bridge between Khc73 on one astral microtubule and dynein on
another (Fig. 2B). This allows the spindle-orienting machinery to
not only exert a pulling force on astral microtubules (through Mud/
dynein), but also to push or more likely capture microtubules
(through Dlg/Khc73) (Johnston et al., 2009).
In summary, although it is clear that Dlg helps to orient spindles in
epithelial tissues, in asymmetrically dividing cells and in cultured
cells, a unifying model for understanding its involvement has not
emerged and may in fact not exist. As is the case for Canoe/Afadin,
the role of Dlg appears to vary depending on cell type. This variability
is underlined by the fact that Dlg is not essential in every tissue; it is
dispensable for Inscuteable-mediated spindle orientation, and recent
work shows that although Mud-mediated pulling is needed to orient
spindles in theDrosophila larval wing and pupal notum, neither Pins
nor Dlg is required (Bergstralh et al., 2016; Bosveld et al., 2016).
Mud/NuMA: translating cell shape into spindle orientation
The Drosophila wing and notum, which derive from the same
imaginal disc, have proved exceptionally useful for investigating
the influence of cortical tension on cell division and spindle
orientation. Previous work has demonstrated that the direction of
cell division can be predicted by local tension at the tissue level
(Baena-López et al., 2005; Mao et al., 2013; Wyatt et al., 2015).
This is not unanticipated; a cell under tension should be expected
to elongate, and Hertwig’s rule states that a cell with a longer axis
will divide across that axis. However, this is inconsistent with the
observation that epithelial cells tend to round up during mitosis.
How, then, is interphase cell shape translated through mitosis?
The spindle-orienting machinery, or at least part of it, provides the
answer.
In the Drosophila pupal notum and larval wing, Mud localizes
to tricellular junctions (TCJs), specialized structures at the
intersection of more than two cells (Bosveld et al., 2016). The
molecular link between TCJs, which have very few known
components, and Mud is currently unknown. However, because
the shape of the cell is influenced by tissue tension, so too is the
distribution of TCJs, and as these structures persist throughout the
cell cycle, their distribution provides a mechanism for ensuring
that interphase cell shape, which is lost upon mitotic rounding,
determines planar division angle (Fig. 3) (Bosveld et al., 2016).
Tissue level tension
deforms the interphase
cell, resulting in an
asymmetric distribution
of TCJs
This distribution, which
persists after mitotic
rounding, determines
spindle orientation
Mud localizes
to TCJs 
Fig. 3. The role of tricellular junctions during spindle
orientation. In the Drosophila wing disc and pupal notum, tissue
tension governs spindle orientation. Mud (yellow) is enriched at
tricellular junctions (TCJs) throughout the cell cycle. The
distribution of TCJs, and thus of Mud/dynein, translates interphase
cell shape into division orientation by producing an asymmetric
pulling force on astral microtubules. Green red and blue
structures?
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Intriguingly, the localization of Mud to TCJs is independent of
Pins in the larval wing and pupal notum (Bosveld et al., 2016).
Furthermore, Pins is not required to orient spindles in the A-B axis
(Bergstralh et al., 2016; Bosveld et al., 2016; David et al., 2005).
The developing wing and notum are therefore the first epithelial
tissues identified in which spindle orientation is Pins independent,
although other examples of Pins-independent mechanisms have
emerged. In the pI cell (as discussed above), Mud can be anchored
by interaction with Dsh (David et al., 2005; Ségalen et al., 2010).
Intriguingly, LGN is not required for the development of the
murine hair follicle, suggesting the possibility that a similar
mechanism is at work (Byrd et al., 2016).
It is tempting to speculate that epithelial tissues, or at least those in
the wing and notum, may have evolved a distinct system for spindle
orientation. However, the extent to which the TCJ mechanism is
used in other tissues is still unclear. As described above, spindle
orientation in the Drosophila follicular epithelium and the chick
neuroepithelium, as well as in epithelia-derived cells grown in
culture, does require Pins/LGN (Bergstralh et al., 2013; Du et al.,
2001; Peyre et al., 2011). How the direction of expansion is controlled
in these tissues is unknown. The mitotic follicular epithelium at least
is characterized by ‘immature’ septate junctions; markers such as Dlg
are not tightly focused to one region of the lateral cortex and TCJs are
absent (Goode and Perrimon, 1997). Furthermore, TCJ-mediated
distribution of Mud/NuMA is not the only mechanism for translating
interphase shape into division orientation in rounded cells. In HeLa
cells, this is thought to be accomplished by caveolin 1-dependent
recruitment of the spindle-orienting machinery to the retracting edge
of a rounding cell (Matsumura et al., 2016), although the precise
mechanism underlying this remains to be elucidated.
Together, these studies show that spindle orientation in epithelial
cells does not occur through a generalized mechanism, as might
have been predicted by earlier work showing that the canonical
complex is conserved across organisms and tissue types. Instead,
distinct cell types, even those in epithelial tissues within the same
organism (e.g. Drosophila), have different requirements for
localizing the cortical force.
Conclusions
Although the core components of the spindle-orientation machinery
have been known for well over a decade, a number of questions
concerning how this complex works still remain. The pulling force
has generally been thought to rely on minus-end-directed dynein
walking, but new findings suggest that regulated depolymerization of
microtubulesmight also be involved. Questions about the localization
of the machinery persist too.Work inDrosophila and in isolated cells
shows that the spindle can help to determine its own position,
probably by regulating the delivery of spindle-orienting machinery
proteins to and from the spindle poles. This shows that the location of
the machinery within the cell is more dynamic than anticipated.
However, as both LGN and Gαi cycle between the cortex and the
spindle poles, these findings also suggest a requirement for cortical
polarity factors in anchoring. It is not yet clear that the candidates
identified already, such as Canoe/Afadin, E-cadherin and Discs large,
can fully explain how spindles are anchored to the cortex in some
epithelial cell types, and it is now apparent that different types of
epithelia use distinct mechanisms to position their mitotic spindles. A
more complete understanding of how spindles are oriented will
therefore require more extensive research, e.g. using CRISPR-based
strategies to interrogate the proposed interactions in vivo, into how the
spindle-orienting machinery is localized and regulated in multiple
systems.
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